A research-scale phosphine generator, QuickPHlo-R, from United Phosphorus Ltd. (Mumbai, India) was tested to determine whether it was suitable for low-temperature fumigation and oxygenated phosphine fumigation of harvested lettuce. Vacuum cooled Iceberg and Romaine lettuce (Lactuca sativa) were fumigated in 442-liter chambers at 2°C for 24 and 72 h for control of western flower thrips [Frankliniella occidentalis (Pergande) (Thysanoptera: Thripidae)] and lettuce aphid [Nasonovia ribisnigri (Mosely) (Homoptera: Aphididae)]. Oxygenated phosphine fumigation for 48 h under 60% O 2 was also conducted at 2°C with Iceberg and Romaine lettuce for control of lettuce aphid. The generator completed phosphine generation in 60-90 min. Complete control of western flower thrips was achieved in 24-h treatment, and the 48-h oxygenated fumigation, and 72-h regular fumigation treatments completely controlled lettuce aphid. Lettuce quality was evaluated 14 d after fumigation. There was increased incidence of brown stains on fumigated Iceberg lettuce, and the increases were more obvious in longer (≥48 h) treatments. Both Iceberg and Romaine lettuce from all treatments and controls had good visual quality even though there was significantly higher brown stain incidence on fumigated Iceberg lettuce in ≥48-h treatment and significant differences in quality score for both Iceberg and Romaine lettuce in the 72-h treatment. The brown stains were likely due to the high sensitivity of lettuce to carbon dioxide. The study indicated that QuiPHlo-R phosphine generator has potential in low-temperature phosphine fumigation due to the quick establishment of desired phosphine levels, efficacy in pest control, and reasonable safety to product quality.
Phosphine has emerged as the primary alternative fumigant to methyl bromide for postharvest pest control as methyl bromide production is being phased out globally in compliance to the Montreal Protocols. Phosphine is typically generated from metal phosphides, and ammonia in trace quantities is cogenerated to modulate the phosphine releasing chemical reaction. Ammonia is phytotoxic and makes phosphine fumigation unsuitable for applications on fresh commodities. Therefore, phosphine fumigation is traditionally used for stored product pest control. Recent advances in phosphine technology have resulted in cylindered pure phosphine and its delivery technology as well as pure phosphine from phosphine generators for potential uses on fresh commodities (Horn and Horn 2004; Horn et al. 2005 Horn et al. , 2010 Ryman 2013) .
Oxygen is essential for phosphine toxicity against insects (Bond 1963 , Bond et al. 1967 . Phosphine fumigation in oxygen-enriched atmosphere (oxygenated phosphine fumigation) has been found to be more effective than regular phosphine fumigation in pest control and can reduce treatment time and control phosphine-tolerant insects (Liu 2011b) .
Cylindered pure phosphine has been used commercially at low storage temperature on fresh fruit and demonstrated to be effective for postharvest pest control on other fresh products (Horn and Horn 2004; Horn et al 2005 Horn et al , 2010 Liu 2008 Liu , 2011a . Currently, there are two cylindered phosphine products, Eco 2 Fume and Vaporph 3 OS. Eco2Fume has 2% phosphine and 98% CO 2 . Vaporph 3 OS has >99% of pure phosphine and requires the Horn Diluphos System (HDS) to dispense phosphine safely into fumigation chambers because phosphine will self-ignite when its concentration in the air reached 1.8% or above. Cylindered phosphine can establish the desired phosphine concentration quickly for fumigation treatment.
There have been recent significant developments in phosphine generation technology, which enable fast generation of phosphine without releasing ammonia such as QuickPHlo-R technology from United Phosphorus Ltd. (Mumbai, India) and Degesch Speed Box from Detia Degesch GmbH (Laudenbach, Germany). These developments have the potential to make phosphine generators suitable for low-temperature phosphine fumigations of fresh commodities.
The Speed Box has been tested successfully on fresh fruit in 24-h fumigation without damage to fruit and the target concentration of >1,000 ppm phosphine was achieved in 6-8 h (Ryman 2013) . These developments may provide more options in addition to cylindered phosphine for low-temperature fumigations of fresh commodities.
U.S. lettuce is mainly grown in Salinas Valley of the central coastal region of California and has high quality because of the unique cool and dry Mediterranean climate. Exports of lettuce to Asia markets, however, are restricted by phytosanitary barriers for quarantine insects. Western flower thrips, Frankliniella occidentalis (Pergande) (Thysanoptera: Thripidae), and currant lettuce aphid, Nasonovia ribisnigri (Mosely) (Homoptera: Aphididae), are common pests on lettuce in the United States, but quarantine pests in Taiwan and Japan, respectively. Low-temperature phosphine fumigation was found to be effective to control both pests (Liu 2008a (Liu , 2012 .
Low-temperature phosphine fumigation using cylindered phosphine effectively controls western flower thrips in 24 h without any negative effects on postharvest quality of lettuce (both Iceberg and Romaine), broccoli, asparagus, and strawberries (Liu 2008a) . Lettuce aphid is, however, more tolerant to phosphine and requires 72-h phosphine fumigation to control, but the treatment also injures both Iceberg and Romaine lettuce. A 48-h oxygenated phosphine fumigation controls lettuce aphid and is less injurious to lettuce quality (Liu 2012) . Injuries that result from phosphine fumigation are due to the accumulation of CO 2 in the fumigation chambers, but use of soda lime to scrub CO 2 during fumigation can effectively prevent such injuries (Liu and Liu 2014a,b) .
QuickPHlo-R phosphine generation technology has not been tested in low-temperature fumigation for postharvest pest control on fresh commodities. In the present study, a research-scale QuickPHlo-R phosphine generator was tested to determine whether it can be used to conduct low-temperature, phosphine fumigation treatment for postharvest pest control on lettuce.
Materials and Methods

Insects and Plants
Western flower thrips were reared on lettuce plants in a greenhouse at 18-30°C under natural lighting and collected in plastic vials for fumigation tests using the same procedures as described by Liu (2005) . Lettuce plants infested with thrips were cut above soil surface and sealed individually in plastic cups with screened lids for fumigation tests. The lettuce aphid colony was maintained on lettuce plants in screen cages (61 × 61 × 61 cm) in a greenhouse (Liu 2005) . Individual leaves of lettuce plants laden with aphids from the lettuce aphid culture were also set up in plastic cups sealed with screened lids for fumigation treatments.
Vacuum-cooled, commercially grown Iceberg and Romaine lettuce were obtained from Tanimura & Antle (Salinas, CA) 1 d after harvest and used on the same day in fumigation tests. Cultivars were identified at harvest. Iceberg lettuce heads were individually wrapped in perforated plastic wraps. Romaine lettuce was wrapped in a group of five heads in perforated plastic bags. Iceberg lettuce cultivars were Telluride, Diamond, Oso Flaco, Durango, Venus, and Sniper. granules to generate phosphine. It has a stainless-steel reaction chamber, a water container positioned above the reaction chamber, and a blower fan connected to the reaction chamber, two air circulation pipes from the fumigation chamber to the reaction chamber, and the blower fan. The reaction chamber has a top section with connection ports and a bottom section. The top and the bottom sections were securely jointed together by a gasket and a clamp. There is also a valve between the water container and the reaction chamber to control the release of water into the reaction chamber. The generator also has a small air pump to inject ambient air to the bottom of the reaction chamber through a port at the bottom of the reaction to flush generated phosphine into the circulating air stream from the fumigation chamber ( Fig. 1 ). All fumigation treatments were conducted in a 442-liter metal fumigation chamber (76.2 × 76.2 × 76.2 cm) in a walk-in cooler at 2°C. The phosphine generator was placed outside of the cooler and was connected to the fumigation chamber by the two circulation pipes through a wall of the walk-in cooler.
Fumigation Procedures
To start a fumigation treatment, QuickPHlo-R aluminum phosphide granules from a sealed foil bag were added in the reaction chamber and the reaction chamber was then sealed airtight with the gasket and the clamp. The water container was filled with water and water was released into the reaction chamber by opening the valve briefly to start the chemical reaction with QuickPHlo-R granules to produce phosphine. The generator was then turned on to start circulating air from the fumigation chamber by the blower fan and inject fresh ambient air to the bottom of the reaction chamber by the air pump. The blower fan recirculated air from the fumigation chamber across the headspace of the reaction chamber to dilute and carry generated phosphine gas back into the fumigation chamber continuously. Phosphine level in the fumigation chamber was monitored periodically during fumigation using a portable analyzer equipped with a phosphine sensor (±5% accuracy) (PortaSens II, Analytical Technology Inc., Collegeville, PA). The generator was turned off and disconnected from the fumigation chamber after the phosphine level reached past its peak level, about 1.5 h after start.
At the end of fumigation, the fumigation chamber was vented by a circulation fan on an exhaust stack connected to the fumigation chamber. The circulation fan drew in cold air in the walk-in cooler to flush the fumigation chamber for at least 3 h. The fumigation chamber was then opened. Insects were retrieved and held at 15°C in a temperature chamber overnight before being scored for mortality. Lettuce was removed and stored at 2°C in a walk-in cooler together with controls for 14 d before being evaluated for postharvest quality.
Lettuce Quality Evaluation
Heads of Iceberg lettuce were weighed individually and scored for external quality, and were then vertically cut twice across to inspect for quality. Romaine lettuce heads were inspected individually for external quality and were then cut once vertically to inspect internal quality. Any injuries were also recorded for both Iceberg and Romaine lettuce. Lettuce quality was evaluated as described previously (Liu 2008 (Liu , 2012 , using the quality score system and the standards of visual quality of Kader et al. (1973) . Lettuce quality scores ranged from 1 (extremely poor) to 9 (excellent) with 3, 5, and 7 representing poor with excessive defects, fair with slightly to moderately objectionable defects, and good with minor nonobjectionable defects, respectively. Scores 2, 4, 6, and 8 were used for quality between the grades. Presence and absence of injuries were recorded as 1 and 0 for statistical analysis.
Fumigation Treatments for Control of Western Flower Thrips and Lettuce Aphid
Western flower thrips and lettuce aphids together with Iceberg and Romaine lettuce were subjected to 24-and 72-h fumigations, respectively, at 2°C. In each test, two cartons of Iceberg and two cartons of Romaine lettuce were fumigated in the same 442-liter chamber. For 24-h fumigation treatments, three thrips-infested lettuce plants in separate cups were placed in lettuce cartons in each fumigation test. For 72-h fumigation treatments, lettuce leaves laden with aphids at different developmental stages in three screen-sealed cups were placed on top of the lettuce cartons. For both fumigation tests, 3.4-g granules of aluminum phosphide (77% purity) were used in each test to generate an expected amount of 1.545 g of phosphine. Thrips-infested lettuce plants and aphid-laden lettuce leaves in cups were also set up and placed at 2°C in a cooler during fumigation to serve as controls.
For 24-h fumigation tests, the average phosphine concentrations in tests ranged from 836 to 1090 ppm. The treatment was replicated four times. After fumigation, thrips mortality was evaluated after they were kept at 15°C overnight to allow all viable thrips to recover. Over 3,000 thrips were used and over 300 Iceberg lettuce heads were used.
For 72-h fumigation tests, the average phosphine concentration in different tests ranged from 810 and 900 ppm. The treatment was replicated six times. After fumigation, aphids from both the treatment and the controls were kept at 15°C overnight to allow all viable aphids to recover before being scored for mortality. Over 6,000 aphids were used, and 421 and 465 Iceberg and Romaine lettuce heads were used, respectively.
For each fumigation treatment, lettuce quality was evaluated 14 d after fumigation as described above. Since long treatment time is more likely to cause brown stains and there are considerable variations among lettuce cultivars in susceptibility to brown stains (Liu 2012; Liu and Liu 2014a,b) , different available cultivars of Iceberg lettuce were included in the 72-h fumigation to compare different cultivars in brown stain prevalence.
Oxygenated Phosphine Fumigation for Control of Lettuce Aphid
Oxygenated phosphine fumigation (fumigation in an oxygenenriched atmosphere) treatment of 48-h was conducted in the 442liter metal fumigation chamber using the QuickPHlo-R phosphine generator described above.
The chamber was flushed with oxygen to established 60% oxygen level. The procedures of establishing the enriched oxygen atmosphere were the same as described by Liu (2010) . Oxygen gas from a compressed cylinder was released through a flowmeter into the fumigation chamber at about 5 liter/min to increase oxygen level to 60%. Oxygen level was monitored continuously with an oxygen monitor (Model 901, Quantek Instruments, Grafton, MA). After the oxygen level in the fumigation chamber reached 60%, the oxygen monitor was disconnected and fumigation treatment was conducted using the phosphine generator. The fumigation procedures were the same as described above.
For each test, 3.4-g granules of aluminum phosphide (77% purity) were used to generate an expected amount of 1.545 g of phosphine. Six lettuce cultivars were used and the treatment was replicated three times. Phosphine concentration was monitored during fumigation and the average phosphine concentration ranged from 947 to 985 ppm in the three replications. More than 3,000 lettuce aphids were used, and 190 and 270 Iceberg and Romaine lettuce heads were used, respectively.
Data Analyses
Student's t-test was used to analyze differences between a fumigation treatment and a control for head weight of Iceberg lettuce, and external and internal quality scores and percentage of brown stain of Iceberg and Romaine lettuce. Analysis of variance and the Tukey's HSD multiple range test were used to determine significance of differences in head weight, lettuce quality, and brown stain level among different Iceberg lettuce cultivars in response to a 72-h phosphine fumigation treatment. The one-way platform of JMP Statistical Discovery software (SAS Institute 2012) was used for all data analysis.
Results
The QuickPHlo-R phosphine generator was successfully used to conduct low-temperature phosphine fumigation to control western flower thrips and lettuce aphid on lettuce. Phosphine levels for the three tests in the fumigation chamber showed initial rapid increases and reached peaks between 60 and 90 min after adding water into the reaction chamber to react with aluminum phosphide. By 120 min, phosphine concentrations from all three tests fell slightly from their peaks to a same level of about 1,300 ppm (Fig. 2) . The 24and 72-h fumigation treatments using the generator achieved complete controls of western flower thrips and lettuce aphid, respectively ( Table 1) . The generator was also used successfully to conduct lowtemperature oxygenated phosphine fumigation under 60% O 2 to control lettuce aphid on lettuce. Complete control of lettuce aphid was achieved in 48-h oxygenated phosphine fumigations at a low temperature of 2°C.
The 24-h fumigation treatment was safe to lettuce quality based on high external and internal postharvest quality scores for both the treatment and the control; there were no significant differences in external quality (t = 0.94, P = 0.3491) or internal quality (t = 0.40, P = 0.6878). There was also no significant difference in head weight between the treatment and the control (t = 0.51, P = 0.6114).
However, treated lettuce did have 7.6% of heads with brown stains which was significantly higher (t = 2.52, P = 0.0124) than the 1% with brown stains in the control (Table 2) .
For the 48-h oxygenated phosphine fumigation treatment, both Iceberg and Romaine lettuce from the treatment and the control had high external and internal quality scores of about 8.5 or higher, indicating the treatment did not have practical impact on lettuce quality. However, statistically significant differences were detected in the internal quality score (t = 3.28, P = 0.0012) for Iceberg lettuce. The treatment also had about 32% lettuce heads with brown stains, which was significantly higher than the 13.9% brown stain rate for the control (t = 2.86, P = 0.0047; Table 2 ). For Iceberg lettuce, there were no significant differences between the treatment and the control in head weight or external lettuce quality scores. For Romaine lettuce, there were no significant differences in external quality, internal quality, or brown stain level. There were also very low rates of brown stains on Romaine lettuce for both the treatment and the control and there was no significant difference.
The 72-h treatment caused significant reduction of internal quality of both Iceberg lettuce (t = 7.38, P < 0.0001) and Romaine lettuce (t = 7.79, P < 0.0001). There was no external quality reduction caused by the fumigation treatment for Iceberg lettuce. The external quality of Romaine lettuce was reduced in the 72-h treatment. The 72-h treatment resulted in high percentages (46.1-47.2%) of lettuce with brown stains for both Iceberg and Romaine lettuce and the levels were significantly higher than 13.4 and 2.8% with brown stains in the controls for both Iceberg (t = 7.22, P < 0.0001) and Romaine lettuce (t = 12.39, P < 0.0001), respectively (Table 1 ). There were also no significant differences in head weight of Iceberg lettuce between the treatment and the control for all fumigation tests (Table 2) .
Different lettuce cultivars also differed in responses to phosphine fumigation. For 72-h fumigations, there were significant differences among the three cultivars, Sniper, Telluride, and Venus in heat weight, external, and internal quality scores, and brown stain level. Cultivar Sniper had the lowest head weight (Nparm = 2, df = 2, F = 6.4352, P = 0.0021), highest external (Nparm = 2, df = 2, F = 3.8004, P = 0.0248), and internal (Nparm = 2, df = 2, F = 19.3754, P < 0.0001) quality scores, and lowest brown stain percentage (Nparm = 2, df = 2, F = 4.1766, P = 0.0174) (Table 3) .
Discussions
A phosphine generator that produces pure phosphine without ammonia, such as QuickPHlo-R has a potential to be used to conduct low-temperature phosphine fumigation treatment tests on fresh commodities either under the normal atmospheric oxygen level or an oxygen-enriched atmosphere. Under the experiment conditions of circulating 2°C cold air from the fumigation chamber across over the reaction chamber, the generator produced phosphine quickly and phosphine concentration in the fumigation chamber reached a plateau in about 60-90 min. This means that circulation of cold air at the top of the reaction chamber to carry generated phosphine into fumigation chamber did not affect operation of the phosphine generator. It is conceivable that a QuickPHlo-R generator can be used to conduct low-temperature phosphine fumigation of fresh commodities for postharvest pest control. The percentages of lettuce heads with brown stains were positively associated with treatment durations. The incidence of brown stains on lettuce from fumigation treatments is similar to those from fumigation treatments with cylindered phosphine (Liu 2012, Liu and Liu 2014a) . The symptoms of brown stains were identical to the symptoms associated with fumigation treatments with cylindered phosphine (Liu 2012, Liu and Liu 2014a) and were caused by CO 2 (Lipton et al. 1972; Liu and Liu 2014a,b) . The significant variation among the cultivars in the percentage of lettuce heads with brown stains was also consistent with the fact that lettuce cultivars vary in sensitivity to CO 2 (Lipton et al. 1972; Liu 2012; Liu and Liu 2014a,b) . Based on these results, it can be concluded that brown stains on fumigated lettuce in the current study are likely due to CO 2 accumulation in the fumigation chamber as has been demonstrated before and that CO 2 -absorbents, such as soda lime can be used to prevent such injuries (Liu and Liu 2014a,b) .
For the 24-h phosphine fumigation, even though there was a significantly higher percentage of fumigated lettuce with brown stains than the control, the percentage with brown stains were low for both the treatment and the control. For both 24-h phosphine fumigations and 48-h oxygenated phosphine fumigations, both external and internal quality scores for both Romaine and Iceberg lettuce were well above 8, indicating very good quality. Therefore, from a practical view, the phosphine fumigation treatments in these experiments had no impact on marketability of the treated lettuce. Even though there was an elevated incidence of brown stain, they were not very visible and had very limited impact on lettuce quality. Since the 24-h phosphine fumigation treatment controlled western flower thrips and the 48-h oxygenated phosphine fumigation treatment controlled lettuce aphid without injury to lettuce quality, the QuickPHlo-R phosphine generator seems to have a potential for postharvest pest control on fresh commodities.
Lettuce is more delicate as compared with most other fresh products and is also very sensitive to CO 2 . The successful treatment of lettuce with 48-h oxygenated phosphine fumigation using the QuickPHlo-R phosphine generator for control of lettuce aphid suggests that the phosphine generator can also likely be used for postharvest pest control on other fresh commodities.
There is a severe lack of alternative treatments for postharvest pest control on fresh commodities. Methyl bromide not only causes injuries to lettuce but its availability for pre-shipping treatment in the future is uncertain. The newly discovered fumigant nitric oxide is effective against all insects and mites tested to date including both western flower thrips and lettuce aphid (Liu 2013, Liu and Yang 2016) . The values in each column followed by different letters were significantly different based on Tukey HSD multiple range test (P < 0.05, SAS Institute 2012).
However, it may take many years to be available for commercial use to control postharvest pests due to the lengthy process of regulatory approval from the Environmental Protection Agency in the United States. Phosphine is the only available alternative fumigant that can be used at low temperature to control pests on fresh products. The cylindered phosphine products Vaporph 3 OS and EcoFume from Cytec Inc. are available commercially for postharvest pest control on fresh commodities at low temperature. The use of Vaporph3OS involves transport of cylindered phosphine and nitrogen and the use of the HDS dispenser. This study showed that phosphine generator may be used as an alternative to cylindered phosphine to conduct fumigation treatments on fresh commodities at low temperature. In addition, a phosphine generator can also be used to conduct oxygenated phosphine fumigation to control phosphine-tolerant pests such as lettuce aphid. Therefore, more efforts are warranted to develop and demonstrate feasibility of using QuickPHlo-R phosphine generator in large-scale commercial trials.
